In the present study, the amnion of turkey and chicken embryos were injected 3 d prior to hatch with different levels of vitamin E (VE). In Experiments 1 and 2, turkey embryos received 10, 20, and 30 IU of VE. In Experiment 3, broiler embryos received 10 IU VE. In all three experiments, shaminjected control embryos (0 IU VE) received 300 mL of saline. In Experiments 1 and 2 (turkey embryos), 20 and 30 IU of VE reduced (P ≤ 0.05) percentage hatchability below that of controls. At hatch, poults exhibited a dose related increase (P < 0.05) in plasma VE levels. Mean BW gain up to 35 d and relative bursa of Fabricius and spleen weights were not different among treatment groups. When challenged at 7 d posthatch, total (P < 0.05) and IgM (P < 0.08) anti-SRBC antibodies were higher in 10 IU VE poults than in controls. Immunoglobulin G levels did not differ among the treatment groups. Poults in the 10 IU VE group had higher (P < 0.002) numbers of Sephadex-elicited inflammatory exudate cells, as well as a greater percentage of phagocytic macrophages (P < 0.0001). Additionally, the numbers of SRBC per phagocytic macrophage were greater (P < 0.001), than in control poults at 4 wk of age. In Experiment 3, chick embryos exposed to 10 IU VE, exhibited no differences in hatchability, BW gain, or bursal and splenic weights from the sham-exposed group. However, total and IgM antibody responses against SRBC were greater (P < 0.01) in the 10 IU VE group at 7 d postinjection. A secondary SRBC challenge given at 14 d after primary injection resulted in higher total (P < 0.07) and IgG (P < 0.04) antibody responses in the 10 IU VE chicks than in the controls. Similarly, broiler chicks (10 IU VE) had more Sephadex-elicited abdominal exudate cells (P < 0.07), and greater macrophage phagocytic potential (P < 0.0001). In ovo VE exposure (10 IU) also increased nitrite production (P < 0.04) by chick macrophages. The results from this study demonstrated an enhanced antibody and macrophage response and suggest that in ovo exposure with VE may improve posthatch poult and broiler quality. 
INTRODUCTION
Vitamin E (VE) is a term used to describe two compounds: tocopherols and tocotrienols. These can be found naturally, with the richest sources being vegetable oils, eggs, liver, legumes, and, in general, green plants. Vitamin E has a number of different but related functions. One of the most important functions is its role as an intracellular antioxidant. In this capacity, it prevents oxidation of unsaturated lipid materials within cells, thus protecting the cell membrane from oxidative damage. If lipid hydroperoxides are allowed to form in the absence of adequate tocopherols, direct cellular tissue damage can result (Tappel, 1970) .
Considerable attention is being directed to the role VE plays in disease resistance. Large doses of VE protected chicks and poults against Escherichia coli as a result of increased phagocytosis and antibody production (Tengerdy and Brown, l977) . Vitamin E supplementation of the feed, at levels of 150 to 300 IU/kg, was shown to decrease chick mortality due to E. coli challenge from 40% in controls to around 27% and 5% in 150 and 300 IU VE, supplemented birds, respectively (Tengerdy and Nockels, l975; Nockels, l979) . Chicks fed 100 IU of VE/kg of diet had increased weight gains and reduced mortality during coccidiosis challenge (Colnago et al., l984) . The use of VE as an adjuvant has been demonstrated in emulsified Newcastle Disease Virus (NDV) vaccine for chicks (Franchini et al., l991) . In this study, mineral oil was partially replaced with l0 to 50% of VE. The vaccine response was enhanced in chicks given 10 to 30% VE-added vaccine as compared to those given vaccine emulsified in light mineral oil only.
A survey of the literature suggests a positive effect of VE on performance and immune functions in poultry. Although the National Research Council guidelines 2 Obtained from Sleepy Creek Turkeys, Inc., Goldsboro, NC 27532. 3 Obtained from Tarheel Hatcheries, Raeford, NC 28376. 4 Eastman Chemical Co., Kingsport, TN 37662. 5 Petersime Incubator Co., Gettysburg, OH 45328. 6 Roche Biomedical Laboratories, Burlington, NC 27216. 7 Sigma Chemical Co., St. Louis, MO 63178-9916.
recommend 5 to 25 IU of VE/kg of diet (NRC, 1994) , poultry producers are supplementing vitamins up to 10 times the NRC requirements, (BASF, l994). Supplemental levels as high as 25× NRC (300 IU/kg dietary VE) have increased antibody response in turkeys against SRBC (Ferket et al., l993) . In addition, it is generally believed that nutrient levels considered adequate for growth may not be adequate for optimal immune response and disease resistance (Nockels, 1988) .
Based on immune enhancement properties of dietary VE, the hypothesis of the present study was to examine whether in ovo exposure with VE would enhance immune functions of turkeys and broilers at posthatch.
MATERIALS AND METHODS
Three experiments were conducted on separate hatches. Experiments 1 and 2 were conducted on Nicholas 2 and BUTA 3 turkeys, respectively. In Experiment 3, Arbor Acres chicks (Department of Poultry Science, North Carolina State University) were utilized.
Fertile Eggs
Nicholas and BUTA turkey eggs and broiler eggs were set in a Jamesway incubator. On Day 10 of incubation, the eggs were candled and infertile and early deads removed. On Day 25 of incubation (day of transfer), 240 turkey eggs (Experiment 1 and 2) were divided into four groups of 60 eggs each. In Experiment 3, broiler eggs were divided into two groups of 60 eggs each on Day 18 (day of transfer) of incubation. At the time of transfer all embryos were exposed to VE.
Vitamin E Preparation
A water-soluble form of VE, d-a tocopheryl polyethylene glycol-1000 succinate (TPGS), was obtained commercially. 4 An appropriate amount of VE was sterilized by autoclaving at 121 C (VE is stable up to 199 C) and then dissolved in sterile distilled water to prepare a VE stock containing 100 IU of VE/mL.
Vitamin E Exposures
A hole was made in the large end of each egg with an 18-gauge punch. Vitamin E was delivered into the amnion of each egg using a tuberculin syringe with a 1-in 20 gauge needle. In Experiments 1 and 2, 60 turkey embryos were injected with 10, 20, or 30 IU of VE in 100, 200, and 300 mL volumes, respectively. The sham-treated group of 60 embryos was injected with 300 mL of sterile saline. In Experiment 3, 60 chick embryos each were injected with 10 IU of VE or 300 mL of saline as a volume control. After VE administration, the embryos were allowed to hatch.
On day of hatch, the poults and chicks were weighed, wing-banded, and randomly assigned to thermostatically controlled starter batteries. 5 Turkeys and chicks were placed on starter diets that met or exceeded NRC standards. These diets contained 66 and 33 IU VE/kg of diet for turkey and chick starter, respectively. Feed and water were available for ad libitum consumption. Animals not utilized in immunological studies were weighed at the end of each trial to determine mean BW gain.
Serum Vitamin E Analysis
Serum VE levels were determined only in Experiment 1. Two milliliters of blood were drawn from each of two poults from the VE and sham-treated groups on day of hatch. The serum from each sample was collected and sent to a chemical laboratory 6 for VE analysis.
Lymphoid Organ Weights
The bursa of Fabricius and spleen were surgically removed from 10 birds of each treatment group at Day 35 posthatch and weighed to the nearest gram. The data were expressed as the percentage relative to body weights.
Antibody Response to Sheep Red Blood Cells
At 7 d of age, 10 birds from each of the treatment groups were injected i.v. with 1 mL of a 7% saline suspension of SRBC. Blood samples were collected from each bird at 7 and 14 d after SRBC challenge. At 14 d post-challenge, the birds were given a secondary challenge (1 mL, 7% SRBC) and blood samples collected 7 and 14 d later to quantify anti-SRBC antibody titers. The total, mercaptoethanolsensitive (MES, presumably IgM), and mercaptoethanolresistant (MER, presumably IgG) anti-SRBC antibody titers were determined using a microheamagglutination technique as described by Yamamoto and Glick (1982) and Dix and Taylor (1996) . The antibody data were expressed as the log 2 of the reciprocal of the highest dilution giving visible agglutination.
Macrophage Functions
Macrophage functions were examined at 4 wk of age. Ten birds each from VE and control groups were injected with a 3% Sephadex-G50 7 suspension at a rate of 1 mL/ 100 g of BW as previously described (Qureshi et al., 1986) . Approximately 42 h later, the abdominal cavity was flushed with 30 mL of sterile heparin (0.5 U/mL) and saline (0.75%) solution per bird. The abdominal exudate cells (AEC) were separated by centrifugation at 430 × g for 20 min and resuspended in 4 mL of RPMI-1640 growth medium 8 supplemented with 5% heat-inactivated fetal bovine serum 8 and antibiotics (100 U/mL penicillin and 50 mg/mL streptomycin 8 ). Total nonerythroid AEC from each of the 10 birds per group were counted microscopically using a hemacytometer. Macrophage Culture. One milliliter of 1 × 10 6 AEC suspension from each individual bird was added to 35-mm diameter Petri dishes 9 containing four sterile glass coverslips. 9 Dishes were incubated in a humidified chamber with 5% CO 2 at 41 C for 1 h to allow cell adherence. Coverslips were then washed with sterile saline to remove nonadherent cells, and transferred to new Petri dishes containing fresh growth medium. For nitrite quantification, 1 × 10 6 AEC/mL from each bird were cultured in 24-well culture plates 9 (two wells per bird). After 1 h of incubation, the wells were washed to remove nonadherent cells and replenished with fresh growth medium.
Phagocytosis Assay. Phagocytic potential of adherent macrophages for SRBC was determined as previously described (Qureshi et al., 1986) . Briefly, freshly collected SRBC were washed three times in sterile PBS (pH 7.2) and a 5% SRBC suspension was prepared in RPMI-1640 growth medium. The culture medium from each of the 10 Petri dishes per treatment group was removed and replaced by 1.0 mL of this SRBC suspension. The dishes were then incubated for 1 h. The coverslips were removed individually and washed to remove free SRBC, fixed, and stained with Leukostat™ 10 following the vendor's protocols. At least 300 macrophages per coverslip from three coverslips per bird were scored microscopically at 100× magnification. The macrophages with or without cytoplasmic SRBC and the number of SRBC per phagocytic macrophage were recorded for each coverslip.
Nitrite Quantification. Macrophage cultures consisting of 1 × 10 6 cells in 1 mL of RPMI per well in a 24-well plate were stimulated with lipopolysaccharide (LPS) 11 at a concentration of 1 mg/mL. Parallel cultures not exposed to LPS were left as controls. After 24 h, the culture supernatants were collected and assayed for nitrite levels as described by Green et al. (l982) . Briefly, 100 mL of macrophage culture supernatant from each sample were added to an equal volume of Griess reagent (one part 0.1% naphthylenediamine dihydrochloride to one part of 1% sulfanilamide in 5% phosphoric acid) in wells of a 96-well test plate. 9 After 10 min of incubation at room temperature, change in color indicative of nitrite was quantified reading the plates at 540 nm absorbance in a microplate reader. 12 The average of two measurements per sample were used in the final analysis. A standard curve of optical densities at 540 nm absorbance was generated using various concentrations of sodium nitrite dissolved in RPMI-1640. Nitrite levels of the culture supernatants were determined by comparing the absorbance values with those of the standard.
Statistical Analysis
All data were analyzed according to the General Linear Models procedures of SAS ® (SAS Institute, 1989). The treatment means were partitioned by Duncan's multiple range test.
RESULTS
The hatchability, serum VE levels, BW gain, bursal weight, and splenic weight data from Experiment 1 utilizing turkeys are depicted in Table 1 . Although high doses of VE (20 and 30 IU) reduced hatchability by 30 to 56% below the controls, embryos exposed to 10 IU VE exhibited no significant decline in hatchability (91.7 vs 90%). Serum VE levels at day of hatch in the 10, 20, and 30 IU VE poults were two-, three-, and fourfold higher than that of controls. Body weight gain from Day 0 to 35 ranged from 1,455 to 1,496 g with no differences associated with treatment. Similarly, bursal (0.15 to 0.17 g/100 g BW) and splenic (0.11 to 0.12 g/100 g BW) weights did not differ between the treatment groups. In Experiment 2, identical effects of VE on hatchability (i.e., comparable at 0 and 10 IU VE but 28 and 59% reduction over controls at 20 and 30 IU VE, respectively), BW gain, and bursal and splenic weights (data not shown) were observed. In Experiment 3, the hatchability, BW gain and bursal and splenic weights of the 10 IU VE group were not different than those of the controls (Table 2) . Because of poor hatchability, the immunological endpoints for the 20 and 30 IU VE groups are not reported. Antibody data from poults hatched after 10 IU VE embryonic exposure are given in Table 3 . When compared with the controls, the 10 IU VE poults had a 1 log higher (P < 0.05) total anti-SRBC antibodies when measured at 7 d post-SRBC injection. This increase was associated with an elevation of IgM antibodies in the VE group (P < 0.08) at 7 d post-SRBC injection. The VE poults maintained higher total anti-SRBC antibodies at 14 d post-SRBC injection (P < 0.09). However, the 14 d IgM and IgG levels at both 7 and 14 d post-SRBC injection were not different between the VE and control poults. In Experiment 2, 10 IU VE-poults exhibited higher (P < 0.01) IgG antibody titers (data not shown) 7 d post-primary SRBC injection. The antibody data from the broiler study are given in Table 4 . Similar to the poults, broilers from the 10 IU VE-group exhibited a higher total (P < 0.01) and IgM (P < 0.01) anti-SRBC antibody response 7 d post-first SRBC injection as compared with the control chicks. In addition, chicks in the VE group exhibited higher total (P < 0.07) and IgG (P < 0.08) anti-SRBC antibodies 7 d post-second SRBC injection than in the control chicks. The IgG increase in the VE chicks persisted (P < 0.04) up to 14 d post-second SRBC injection as compared with the control chicks.
Representative macrophage function profiles of poults are given in Table 5 . Poults in the VE treatment group had higher (P < 0.002) Sephadex-elicited AEC numbers as compared with the control poults. Percentage of phagocytic macrophages and the number of SRBC internalized by each phagocytic macrophage were higher in the 10 IU VE poults as compared with the control poults (P < 0.0001). In Experiment 2, macrophage phagocytic potential was also higher (P < 0.0001) than the controls in the VE group (data not shown). Similarly, in Experiment 3, the AEC numbers (P < 0.07), percent of phagocytic macrophages (P < 0.0001), as well as the number of SRBC per phagocytic macrophage (P < 0.0002) were higher in the 10 IU VE broilers than in the controls (Table 6 ). Nitrite production by poult macrophages from the VE group was numerically higher than the controls (42 vs 22mM in VE and control, respectively; Table 5 ). However, broiler macrophages from the 10 IU VE group produced significantly higher (P < 0.04) nitrite in their culture supernatant than the macrophages from the control chicks (Table 6 ).
DISCUSSION
Vitamin E is a biological antioxidant known to prevent lipid hydroperoxide formation through its ability to quench free radicals (Urano and Matsuo, 1976) . Functionally, VE protects both internal and external cellular membranes from free radical-induced damage (Tappel, 1970) . Dietary VE is known to be required to maintain normal rate of growth in several animal species such as rats (Bendich et al., 1986) , sheep (Stephens et al., 1979) , and chickens (Marsh et al., 1981) . 1 Ten poults per treatment at four weeks of age were injected with Sephadex. The Sephadex-elicited macrophages were cultured on glass cover slips (three cover slips per poult) and fed SRBC as described in methods (Experiment 1).
2 AEC = Abdominal exudate cells after Sephadex elicitation. 3 The values are means and SEM within each parameter tested. 4 Macrophages were exposed to 1 mg/mL of LPS for 24 h and the nitrite levels were quantified in the culture supernatants. NS = not significantly different. et al., 1993) . This result suggests that VE supplementation may have an immunostimulatory effect, thereby increasing disease resistance. Several studies have shown that dietary VE enhances components of the immune system such as antibody production (Ellis and Vorhies, 1976; Marsh et al., 1981; Reddy et al., 1986) , lymphocyte blastogenic response to lectin PHA in calves (Reddy et al., 1986 ) and mice (Corwin et al., 1981) ; and phagocytic activity (Heinzerling et al., 1974) . Recent reports indicate that VE fortification of commercial poultry diets routinely exceeds recommendations of the NRC (1994) (reviewed by Sell, 1996) . Red blood cells from turkeys receiving 0 IU/kg of dietary VE exhibited 100% hemolysis, whereas approximately 60 IU of VE/kg of diet was shown to be needed to maintain red blood cell membrane integrity (Sell, 1996) . Combs and Scott (1974) found that at least 30 IU of VE/kg of diet was needed to minimize susceptibility of hepatic microsomes to peroxidation. Furthermore, despite twofold higher than NRC dietary concentrations, the plasma VE levels were shown to decline precipitously during early posthatching development of poults (Sell, 1996) . In the current study, VE was delivered to the embryo via in ovo injection 3 d before hatch. The assumption being that higher VE levels will be available at hatch, a time when the bird is faced with environmental challenges of stress and disease-causing organisms. It is interesting to note that at higher VE levels (i.e., 20 and 30 IU), the hatchability was drastically reduced, an observation similar to the one reported by Tengerdy and Nockels (1973) , in which eggs from hens fed 132 mg/kg VE showed poor hatchability at higher altitude. However, the hatchability at 10 IU VE for both turkeys and broilers was similar to the sham-exposed eggs. A seemingly dose-related increase in plasma VE levels at day of hatch was observed in hatched poults, confirming TABLE 6. Macrophage function profile of broilers after in ovo vitamin E exposure 1 1 Ten broilers in each treatment group were tested for macrophage functions at 4 wk of age. 2 The values are means and SEM within each parameter tested. 3 Nitrite quantification was performed as described in Table 5 .
Phagocytic
Number SRBC per Vitamin E AEC 2 macrophages 2 macrophage 2 Nitrite 3 (IU) (# × 10 6 /bird) (%) (mM) 0 18.3 ± 5.4 10.2 ± 1.9 1.3 ± 0.05 26.4 ± 3.3 10 32.8 ± 5.0 34.5 ± 1.6 1.6 ± 0.04 40.8 ± 5.0 P value 0.07 0.0001 0.0002 0.04 the higher VE availability at hatch. Lower plasma VE levels (0.1 mg/mL) have been reported in poults fed a VE-deficient diet. These poults exhibited clinical signs of encephalomalacia (Jortner et al., 1985) . None of the VE levels used in the current study affected BW gain or lymphoid organ development. The hatched birds (poults/broilers) from the 10 IU VE-exposed embryos were high responders compared to the control group for antibody production as well as macrophage function parameters. These parameters include recruitment in response to inflammatory challenge, phagocytosis, and nitrite production. Previous studies using dietary VE supplementation have also shown similar increases in anti-SRBC antibody levels (Tengerdy and Nockels, 1973; Marsh et al., 1981) . Because VE deficiency is shown to depress bursal, thymic, and spleen growth (Marsh et al., 1986) and reduce circulating lymphocytes in chicks (Dietert et al., 1983) , VE availability would seem to have a beneficial effect on the ontogeny of immune response in terms of humoral immunity. In both poults and broiler chicks, the VE-mediated increase in antibody response appeared to be due to higher IgM levels, suggesting a higher primary immune response. This effect was also observed in calves given high oral supplementation of VE (Reddy et al., 1986) . However, broiler chicks in the VE group exhibited enhanced IgM to IgG switching, as IgG levels were higher than in the 0 IU VE chicks during the entire secondary antibody response.
In a recent study, Erf and Bottje (1996) , examined dietary VE effects on lymphocyte subpopulations in broilers. In these studies, broilers placed on 50 and 100,000 IU/ton VE on day of hatch exhibited elevated percentages of CD4 + cells in thymus and spleen at 7 wk of age, with increased CD4:CD8 ratio in blood. These effects were developmentally related, as such changes were not observed when tested at 2 wk postfeeding. Furthermore, VE supplementation increased lymphoproliferative responsiveness to phytohemagglutinin-P and concanavalin-A at 7 wk of age, which was also VE dose-dependent. These data indicate a possible preferential generation of CD4 + lymphocyte pool in broilers on higher dietary VE. The CD4 + lymphocytes are key players as helper cells in antibody production. It is possible that embryonic exposure may preferentially yield a similar CD4 + pool leading to the observed increased antibody production in our study.
The availability of VE during late embryonic development and at hatch may affect progenitor cell differentiation potential. Studies in our laboratory have shown that cytokines produced by macrophages induce bone marrow stem cell differentiation towards granulocyte and macrophage lineage (Nicolas-Bolnet et al., 1995) . The observed increase in inflammatory cells recruited in response to Sephadex injection in the 10 IU VE birds may be a result of macrophage activation, and increased production of macrophage-mediated cytokines with stem cell differentiation potential. This observation further supports previous findings of Marsh et al. (1986) , who observed an actual depletion of mononuclear leukocytes in spleens of VE-deficient chicks. The in ovo VE supplementation resulted in an increase in the overall percentage of macrophages capable of engulfing SRBC, as well as the numbers of SRBC internalized per phagocytic macrophage.
In a study using mice fed diets containing 0 to 360 mg/kg of VE, the 180 mg VE group exhibited higher general phagocytic potential as measured by colloidal carbon clearance and increased macrophage-mediated protection against Diplococcus pneumoniae challenge (Heinzerling et al., 1974) . Increased E. coli clearance from blood, a function mediated by the mononuclear phagocytic system, was also observed in chickens when fed a diet containing 300 mg/kg of VE as compared with chicks in the basal dietary group (Tengerdy and Brown, 1977) . As phagocytosis of particulate antigens by macrophages is a membrane-mediated phenomenon (Qureshi and Dietert, 1995) , increased VE levels may maintain macrophage membrane integrity needed for phagocytosis. Furthermore, VE as an antioxidant may prevent the oxidation of arachidonic acid in the biosynthetic pathway leading to prostaglandins (PG) (Likoff et al., 1981) .
There is growing evidence that PG may regulate immune responses, and at elevated levels some PG may be immunosuppressive (Sheffy and Schultz, 1979) . Because macrophages are the major cell type responsible for PG production (Aderem et al., 1985) , VE may play a vital role in down regulating PG production by antagonizing the peroxidation of arachidonic acid and limiting the entry of precursors into the PG cascade. Likoff et al. (1981) have demonstrated that phagocytic function of chickens fed 300 mg/kg VE is enhanced, and this enhancement is due to a decrease in endogenous levels of PG in VE-supplemented chicks as compared with the ones fed a diet without supplemental VE. The PG levels in the current study were not determined but are included in our future experimental protocols. In addition to the enhanced phagocytic activity, macrophages from the 10 IU VE group of birds also produced more nitrite when exposed to bacterial lipopolysaccharide in vitro. Nitric oxide produced by activated macrophages is an important immunoregulatory molecule and is cytotoxic to tumor cells and microorganisms (Lorsbach et al., 1993; Nathan and Xie, 1994) . The synthesis of NO by chicken macrophages has been shown to be inhibited during viral infection (Lyon and Hinshaw, 1993) . The mechanism of the observed NO increase after VE exposure is not known. It is possible that VE may increase the affinity of macrophage membrane receptors for the activation stimuli such as lipopolysaccharide, or increase the NO synthase activity resulting in more NO production. These hypotheses are being pursued currently.
In conclusion, in ovo VE inoculation enhances both humoral and cellular effector components of the avian immune system. From a practical standpoint, the in ovo route is currently being used for delivering biological materials such as Marek's and Infectious Bursal Disease vaccines in commercial poultry (Gildersleeve, 1994) . By providing VE access to the turkey or broiler embryos via the in ovo route (in addition to the VE made available through dietary supplement), the immune enhancement benefits of VE may be better realized soon after posthatch as compared with the traditional means of dietary feeding, which requires more time to build up the VE levels necessary for optimal immune enhancement. Furthermore, it may be important to use a nonconjugated form of VE because compounds, such as polyethylene glycol, may mask the observed VE effects or adversely affect embryonic development.
